A possibility of harvesting the physiologically-active compounds from the vegetable oils using bespoke resin and optimised solid-phase extraction (SPE) purification method is demonstrated. The paper describes the application of SPE protocol, which was originally developed, using sunflower oil as model biomass, for extraction of the valuable compounds from sesame, wheat germ, palm, olive and soybean oils. As a result, the extraction of three free fatty acids (palmitic, oleic and linoleic), α-tocopherol and three phytosterols (campesterol, stigmasterol and β-sitosterol) from six vegetable oils have been demonstrated. The comparison between the published data on the amount of the analysed compounds in the corresponding vegetable oils and presented here extraction results confirm that the developed method allowed not only quantitatively extract the physiologically-active components from various vegetable oils without any pre-treatment but also was reproducible, cost-effective and ecologicallyconscious as consumed smaller volumes of organic solvents than commonly used protocols.
Introduction
The vegetable oils, such as rapeseed, canola, soybean, sunflower and palm oils, are commonly used biomasses for production of biodiesel. Considering that biofuel is a renewable and ecologically-friendly source of energy, extra efforts should be made to lower the cost of biodiesel, which could be done "by increasing feedstock yields, developing novel technologies, and increasing economic return" [1] . It is known that vegetable oils consist of 95 to 98% of triacylglycerol and 2 to 5% of different groups of minor components such as hydrocarbons, tocopherols, phytosterols and their esters [2] [3] [4] . Triglycerides are the main components of vegetable oils which are used for the production of biodiesel through their transesterification reaction with methanol or ethanol in the presence of the alkali catalyst [5] [6] [7] . Unfortunately, all these minor components of the vegetable oils, which are typically valuable physiologically active compounds, are completely lost during the biofuel production process. It is possible to envisage that recovering the 'bioactives' before the biofuel production could have added value to the biofuel production and make the cost of biofuel lower or at least comparable with traditional fossil fuels.
Apart of added value through the recovery of valuable ingredients of the vegetable oils, removal of some of them, particularly, free fatty acids, could make the biodiesel production more effective by preventing their reaction with the alkali catalyst during transesterification reaction, which usually requires a great amount of alcohol to maintain the equilibrium of the reaction and produce more methyl esters [5, 6] . It was observed that the presence of free fatty acids negatively affects the production of biodiesel from the vegetable oils resulting in the production of the soap and water, thus inhibiting the separation and purification processes of the biodiesel production [6, 7] .
The most common fatty acids present in vegetable oils are palmitic, oleic and linoleic acids. Palmitic acid is the abundant saturated fatty acid that has numerous food and industrial applications. According to Mancini and co-workers, palmitic acid is an important constituent of such widely-used products as ice cream, toothpaste, candles and cosmetic products [8] . The oleic acid, mono-unsaturated fatty acids, is known for its reducing effect on the blood sugar levels and protection of the heart [9] . It was shown that linoleic acid, which is one of the main di-unsaturated fatty acids, can lower the triglyceride and cholesterol content of the cells, which leads to a reduction of the incidence of cardiovascular diseases [10] . Tocopherols, which are the representatives of vitamin E group, are typical examples of the minor components of the vegetable oils. Vitamin E compounds are most associated with antioxidant activity in the humans' body. One of the most known members of vitamin E group is α-tocopherol [11] [12] [13] [14] [15] . The recent studies also indicated the importance of another member of the vitamin E family, γ-tocopherol. It is known that the main role of vitamin E in the body is a reduction of peroxyl radicals. It was also proven that the presence of α-tocopherol increases the bioavailability of γ-tocopherol [4] . Not surprising that the members of vitamin E group widely used in medicine, cosmetics, agriculture and food industry [16] [17] [18] [19] [20] [21] .
Other minor components of vegetable oils are triterpenes phytosterols (plant sterols). They have also drawn the attention of the researchers due to their bioactivity. It is known that phytosterols are present in the plants either in their free form or being either conjugated with fatty acids or glycosylated with hexose. Phytosterols have potential to reduce total serum cholesterol as well as LDL-cholesterol in the human body through the inhibition of the absorption of the dietary cholesterol and the reabsorption of excreted cholesterol to the bile in the enterohepatic cycle [17] [18] [19] .
Many research endeavours have been made to develop efficient and economical procedures for extraction the minor physiologically active components from natural oil sources [20] . The most extraction methods of the minor components from oil involve saponification, liquid-liquid extraction and chromatography, which require pre-treatment steps before extraction from oil. All these processes also involve several further steps including solvent extraction, drying and reconstitution steps. Thus, the traditional extraction from oil is generating considerable volumes of chemical waste and are difficult to control [21,22.10,13] . Most of the bioactive compounds are sensitive to oxygen, light and long exposure to alkaline conditions, which must be taken into account in order to avoid the partial degradation of any of the minor components during their extraction.
One of the most effective and popular extraction technique and clean-up method is solid-phase extraction (SPE) in terms of its simplicity and limited use of organic solvents [11, 13, [23] [24] [25] . Nonetheless, it is important to underline that due to the complexity and high viscosity of oil matrices, the extraction of any compounds from natural oils is a very challenging task. There are very limited publications that present successful development of the Molecularly Imprinted Polymers as resins for extraction of oilsoluble pesticides [26] [27] [28] . SPE is performed using glass or plastic columns packed with a stationary phase. There are several types of commercial stationary phases which are suffer from poor stability towards some solvents, insufficient selectivity, limited reproducibility and restricted binding capacity, especially for polar compounds [11, 14, 21] . Therefore, due to the unavailability of effective commercial resins for extraction of such secondary metabolites from oil matrices, there is a demand for an economical, alternative stationary phase that is cost-effective and could, potentially, be suitable for industrial applications. The developed resin (RDP) in the current study is aimed for the extraction and purification of a group of minor components including free fatty acids, α-tocopherol and some phytosterols from some vegetable oils. The advantages of RDPs that could make them appropriate for analytical and industrial applications are their low cost, reproducibility, group-selectivity towards the compounds having some common functionalities, compatibility with mass-manufacturing and high stability [14, 20, 22] . In this study, we would like to propose a protocol, which allows to "harvest" in one step several physiologically-active compounds from vegetable oils. The optimised protocol is using minimum volume of organic solvents in an environmentally-safe process.
Materials and methods

Chemicals and reagents
The unrefined and cold-pressed sunflower and sesame oils were purchased from Activecare (Amazon.co.uk). Palm oil was obtained from KTC (KTC Edibles, UK). Olive and soybeans oil were bought from the Food Marketplace through Amazon.com. Analytical standards originated from vegetable oils (α-tocopherol, mixture of phytosterols containing 46% β-sitosterol, 24% campesterol and 16% stigmasterol) were purchased from Santa Cruz Biotechnology, UK and free fatty acids, including palmitic, oleic and linoleic acids were obtained from Aldrich, UK. Methanol, ethyl acetate, heptane, acetonitrile, n-hexane, dichloromethane and acetic acid were obtained from Fisher Scientific, UK. All solvents were used without any purification and they all were of HPLC-quality grade. 1,1'-azobis (cyclohexane carbonitrile), methacrylic acid (MAA) and ethylene glycol dimethacrylate (EGDMA) were purchased from Aldrich, UK. Dimethyl formamide (DMF) was obtained from Acros Organics (UK).
Equipment and analysis techniques
1-mL SPE columns were packed with 200 mg of the RDP and used in combination with a vacuum manifold (Supelco, UK). The analysis and quantification of the extracted components in the eluted samples was conducted using PerkinElmer gas chromatography-mass spectrometry set-up (PerkinElmer, TurboMass, UK). GC-MS was performed using a ZB-5 capillary column (30 m x 250 µm, I. D. -0.25 mm; Phenomenex, UK). Helium as a carrier gas was utilised under a flow-rate of 1 mL min -1 at 200 °C. The temperature of the GC oven was raised after a sample injection by 10 °C min -1 to 350 °C and held for 3 min. For fatty acid analysis, it was used IR spectroscopy, (Spectrophotometer Avatar 370 FTIR Thermo Nicolet, UK).
Synthesis of the RDP
The composition of the polymer has been designed based on the results of the molecular modelling using the methacrylic acid (MAA) as a functional monomer that showed a high binding energy towards α-tocopherol in previous research and ethylene glycol dimethacrylate (EGDMA) as a cross-linker. The syntheses of the polymer and optimisation of the SPE protocol has been described in details in the previously published work [29] .
Application the optimised SPE protocol to the vegetable oils
The optimised protocol, which was applied to all tested oil, was based on previous research [29] as follows:
Preparation of oil sample
An aliquot of the oil was dissolved in heptane to the final concentration of 20%. The standards solutions of palmitic, linoleic, oleic acids, α-tocopherol and mixture of 3 phytosterols: campesterol, stigmasterol and β-sitosterol were prepared individually. Then 0.3 mg of each standard solution was used to spike 1 mL of the oil solution in heptane.
The SPE protocol conditions
The SPE cartridges were packed with 200 mg of RDP, conditioned with 1 mL of heptane, then, loaded with 1 mL of spiked oil sample and 1 mL of oil without spiking individually in two separate cartridges for each type of oil. After loading the cartridges were washed using 1 mL of 60% methanol. The elution of the adsorbed compounds was made using 3 mL of methanol containing 5% acetic acid. Before the GC-MS analysis all eluted samples were evaporated and reconstituted in 1 mL of hexane. The quantitative measurements were performed using the integration values of the peak areas in GC chromatogram which was directly proportional to the concentration of the analysed sample. The concentration of the compounds was calculated as mg g -1 of oil using calibration curves of the pure standards. A massspectrum of each compound was compared to the fragmentation pattern in NIST library and to the spectra available in the literature. In addition, IR was used to confirm the presence of free fatty acids in the eluted samples.
Method validation
Method reliability and matrix effects were investigated using the published method in Flakelar et al., (2017) [30] . 1 mL of heptane was spiked with the mixed standards. 1mL of the spiked solution was analysed with GC/MS with the same used conditions of this study and using the calibration curve and the integration of peaks, calculate the percentage of each standard compound in the spiked sample as shown in Table 4 . Further matrix effects were examined by comparing the weight of the eluted sample from 20% sunflower oil in heptane with weight of the eluted sample after subtracting the calculated weight of the natural compounds quantified using GC/MS. The calculations of the concentrations of eluted compounds were performed using the integration of peaks and the calibration curve.
Results and discussion
The optimised SPE protocol has been applied to six types of vegetable oils. Almost the same pattern of peaks was observed in the obtained GC/MS chromatogram of all these oils with difference in the intensity of the peaks. To make the comparison easier, the six chromatograms were combined together in one figure (Fig. 1) . Fig. 1: 
Study of palmitic acid (16:0)
It was observed that a first compound released from the GC/MS column was recognised palmitic acid (saturated fatty acid, tr = 5.5 min, Fig. 2a ). Palmitic acid presents in vegetable oils either in free form or conjugated in ester form [11, 16, 21] . The presence of palmitic acid was confirmed using the comparison of the retention time, the pattern of fragmentations in mass-spectra and IR spectra of free acid and methyl ester forms [31] [32] [33] . Both forms, free fatty acids and esters, have been quantified and reported by Eisenmenger and Ghafoor, who estimated content of free fatty acids varying from 0.5 to 22% and esters from 0.2 to 7.9%, respectively, from the total component of fatty acids in wheat germ oil [16, 33] . ; however, this number could be amplified to 23.46 mg g -1 in the case of extracting the oil using cold pressing. To reach this level of extraction, all vegetable oils used in this study were either unrefined or obtained by cold pressing; thus, extract relatively measurable levels from the minor components [16] . According to mass-spectra, all the extracted fatty acids in this research are in the free form only.
The experiment presents in that the peak at 5.5 min is corresponding to palmitic acid according to NIST library mass-spectrum (Fig 2b) . It is known that free fatty acids are rarely found when analysed by GC/MS without prior derivatisation, typically their quantification is made using the corresponding methyl ester of these acids [34] . Analysis of the mass-spectra confirmed that the molecular ion of palmitic acid is seen at m/z 256. Other fragments at m/z 115, 129, 143, etc. represent fragmentations of the methylene groups of the free fatty acid [HOOC(CH2)n] + [34] . In Table 1 , the comparison between the extracted fatty acids from oil sample and spiked oil shows that spiking the oil sample encouraging the extraction and increasing the harvested fatty acids. The difference between the two concentration (spiked oil and unspiked) confirmed that the difference between them is more than the spiked concentration (0.3 mg mL -1 ).
It is important to stress that majority of the published data reported the percentage of each fatty acid to the total content of fatty acids after chemical esterification [8, 14, 16, [24] [25] [26] [27] [28] . Despite some differences in extraction and purification protocols, it was found that the occurrence of the palmitic acid in some vegetable oils in the current study is similar in the order of the quantities to what mentioned by Ramos, who revealed that palm oil is the highest source of saturated free fatty acid (palmitic acid) followed by olive and sunflower oils. This order of quantity of palmitic acid is in accordance with the result in Table 1 
Extraction and study of oleic (18:1) and linoleic (18:2) acids
It was found that the second peak at tr = 7.1 (Fig. 2a) has contained both mono-unsaturated fatty acid (oleic acid) and di-unsaturated fatty acid (linoleic acid), which were not separated and appeared on the chromatogram as one peak. Therefore, the difference between the oil samples spiked and non-spiked was bigger than in other compounds in this study, because in this case the oil samples were spiked with two compounds (oleic and linoleic acids). However, the presence of each of them was examined individually by spiking the oil sample with one of the compounds. The calibration curves were also made for each fatty acid separately. In addition, each peak of oleic and linoleic on GC chromatogram was analysed individually to find out the similarity with the mass-spectrum available in the NIST library as shown in Fig. 2 (c and d) . In the mass-spectrum of the oleic acid, the molecular ion was at m/z 282 with lower abundance than [M-18] + at m/z 264 representing the loss of water from the carboxyl group of oleic acid. The most abundant fragments were at the low mass region representing the hydrocarbon ions with general formula [CnH2n-1]
+ at m/z 111, 125, 139 etc. Similarly, the mass spectrum of linoleic acid was dominated by the hydrocarbon ions of the general formula [CnH2n -3] + at m/z 109, 123, etc. The molecular ion is at m/z 280 with abundance more than [M-18] + at m/z 262 [25, 42] .
The same situation in the palmitic acid is noticed in the concentration of oleic and linoleic acids. The difference between the concentration of oleic and linoleic in Table 1 more than the spiked addition. This confirms the importance of the step of spiking oil to encourage the extraction process. It is necessary to point out that almost all published work focused on calculating the percentage of each fatty acid to the total content of fatty acids after transfer all of them (free and conjugated forms) to ester form [14, 16, [23] [24] [25] [26] [27] [31] [32] [33] . Eisenmenger has quantified the concentration of free fatty acid, which include palmitic, oleic and linoleic acids in the wheat germ oil in the range between 0.2 to 7.9 mg g -1 which correspond to the extracted amount of these acids in the current study (Table 1 ) [33] .
During analysis of olive oil, there were two peaks at 3.34 and 4.5 min with low integrations; therefore, the suggestions of NIST library were not sufficient to identify them. However, it is more likely to be one of the common free saturated fatty acids with molecular weight less than the molecular weight of palmitic acid such as tridecanoic acid (13:0), myristic (14:0) or pentadecanoic acid (15:0) as reported in previous studies [45, 46] .
Study of α-tocopherol
According to the fragmentation pattern in Fig. 2b , α-tocopherol was observed as the third common peak, which was coming out of the GC/MS column at tr = 14.9 min (Fig. 2a) . It was identified using its molecular ion at m/z 430 and the base fragment of [C10H13O2]
+ at m/z 165, which represents the dominant ion after opening the ether bond and loss of the side chain of 2,6,10,14-tetramethylpentadec-1-ene [47] [48] [49] [50] [51] . It was observed that this component showed wide difference between the extracted quantities from the oil sample which was spiked with the standard solution of α-tocopherol and extracted without spiking (Table 2 ). It correlates with the observation made by Feng, who carried out extraction of α-tocopherol using a molecularly imprinted polymer synthesised using MAA as a functional monomer and EGDMA as a cross-linker [28, 51] . The author reported that the increase of the initial concentration of α-tocopherol leads to increase the adsorption capacity of the molecularly imprinted polymer. Therefore, the quantities of eluted α-tocopherol from spiked oil samples are more comparable (Table 2) to the extracted from the unsaponifiable matter of the vegetable oils were reported in the literature. Although the amount of α-tocopherol extracted from oils without spiking was very small comparing to the extracted amount from the spiked samples, the ratios between the extracted amounts from the spiked oil samples were in agreement with some results published by some studies as shown in Table ( 2). The highest extracted amount was obtained from the wheat germ oil (natural and spiked oil samples) (0.298 and 1.357 mg g -1 ) and the lowest amount was extracted from sesame oil (in natural oil sample was not detected and in spiked oil sample 0.867 mg g -1 ).
Study of phytosterols
The next group of compounds are members of the phytosterols family, which could be present in free or esterified forms [17, 19, 51] . Since the current purification method was applied to oil solution without any pre-treatment, therefore it is possible to conclude that extracted phytosterols were mainly present in their free forms as shown in Fig. 4a .
Campesterol
Based on the mass spectra fragments (Fig. 4b) , the first free phytosterol peak coming out of the GC/MS column at tr = 15.7 min was identified as campesterol (Fig. 4a) . On the mass-spectrum (Fig. 4b) + [59] . As shown in Table 3 , the quantitative data obtained are comparable with the results of Eisenmenger for wheat germ, sunflower, sesame and olive oils and Purcaro for palm oil [17, 23, 51] .
The quantitative studies report the occurrence of the phytosterols, particularly, campesterol, in the vegetable oils at the level close to what obtained in this study (Table 3) . Although the campesterol generally appeared as the most minor member of phytosterols family, it was found in the highest concentration in wheat germ oil and the smallest concentration in olive oil.
Stigmasterol
The MS fragmentation pattern (Fig. 4c) of the peak at tr = 15.9 min in the chromatogram (Fig. 4a) It was observed that the ratio between the main three different sterols in wheat germ, sesame, sunflower and olive oil as reported in Table 3 were in accordance with the values mentioned in some published studies. 
β-sitosterol
β-sitosterol is the major sterol in the vegetable oils. In the current study, the β-sitosterol has been extracted at the highest amount comparing to the other sterols in all oils which in accordance with the previously published quantitative data [17, 19, 23, 24, 51] . According to the mass spectrum fractions in + [59] .
In order to measure the total amount of the phytosterols, they are commonly subjected to the transesterification reaction where converts them from free to ester form, which is used for analysis [50, 52] . The presented here, the RDP-based SPE protocol allows selectively adsorbing and eluting these compounds in their free form. The comparison between the current measurements and published data confirmed that there was a correlation between the current quantitative measurements extracted from the oils by the optimised protocol and the data published in different studies as summarised in Table 3 .
Extraction of other minor components
There was a noticeable peak at tr = 15.3 min on the chromatogram of the sample purified from sesame oil (Fig. 1) , that showed a component that appeared at very high concentration. The comparison of the fragments pattern of mass spectrum ( The presence of sesamin was confirmed using sesame oil spiked with 0.3 mg of sesamin and the retention time was compared by injection of the standard sesamin solution, which appeared identical. The standard solution of sesamin in hexane was used to produce a calibration curve. It was calculated that the eluted amount of sesamin from sesame oil was estimated as 3.12±0.88 mg g -1 and from the spiked oil 3.57±0.46 mg g 
Method validation
The proposed method to measure the determine matrix effects was performed by examining the percentage of the spiking standards (palmitic, oleic, linoleic acids, α-tocopherol, campesterol, stigmasterol and β-sitosterol. Satisfactory recoveries were determined for these solutions, with values ranging from 94-99% as shown in Table 4 . The purification percentage was evaluated by comparing the dry weight of the 20% oil sample before SPE (200 ± 5 mg) and a dry weight of the eluted sample after SPE (21.45 ±4.8 mg). Considering that 18.52 ± 5.2 mg of the eluted sample constitutes a weight of the natural compounds which were quantified using GC/MS, only 2.93 mg of the matrix is remained which is equivalent of 1.4%. Therefore, a very high level of purification of 98.6% was achieved.
Blank samples were run to check the possibility of memory effect from the analysis of high concentration in the calibration curve. No signal has been given that interfered with the peaks, confirming no memory effect in the chromatographic run. Analysis of minor fat-soluble compounds in vegetable oils can be challenging due to the interference from the oily matrix [18, 67] . The challenging is presenting in the requirement of complex pre-treatment of the sample to make the hydrophobic sample suitable for the reverse phase (RP) HPLC. Therefore, there is a demand to develop new extraction methods to overcome these challenges and optimise simple and efficient methods. Several published studies suggested simultaneous separation and quantification protocols of some minor components from vegetable oils [68] [69] [70] [71] . Almost of these studies depended on optimised chromatographic separation with appropriate detecting techniques to extract tocopherols and carotenoids from different types of vegetable oils. However, all these methods required sample preparation and did not include the phytosterols.
Further analysis methods have emerged to include the separation of phytosterols beside tocopherols and other minor components such as squalene or carotenoids [18, [72] [73] [74] [75] . However, the pre-treatment processes of oil samples to separate such compounds needed more complex processes such as methylation or saponification, purification and derivatisation which led to loss of phytosterols.
The advantages of the developed RDP and optimised SPE protocol in the current research over the traditional methods of extraction included the separation of the minor compounds with 5 times dilution of the vegetable. This dilution rate is twice improved by comparison with the 10-fold dilution applied in the industrial protocol, leading to decrease the organic solvents waste and saving in the resources and time. It was also exhibited that the combination of the optimised SPE method and synthesised RDP enabled a quantitative extraction of minor compounds from sex types of vegetable oils to be performed without any additional pre-treatment. It is important to underline that the optimised protocols and suggested strategy could be used as proposals for the development of extraction procedures for different groups of compounds from other natural oil-containing biomasses.
Conclusions
A new method has been validated for the extraction of seven minor compounds from the six vegetable oils using heptane without any pre-treatment for the oil sample. It was shown that it was possible to harvest those physiologically-active components in their free forms as it was confirmed using GC/MS. The extracted compounds included free fatty acids, α-tocopherol and three free phytosterols from six types of vegetable oils, despite the variability of the content of the minor components in each of these oils. Moreover, the quantitative results of this study were comparable with published data that used various methods and techniques to extract these minor components from the vegetable oils. The benefit of this protocol is a reduction the use of the organic solvents and save the cost and time compared to the previously published methods because there is no need for any pre-treatment or derivatisation of the free fatty acids, α-tocopherol or free phytosterols before the extraction. The proposed method has achieved the separation with 98.6% level of purification based on the study of matrix effect.
To conclude, the data presented here confirm that developed protocol provides a quantitative extraction of the six minor compounds which were purified using reduced volumes of organic solvents and without any pre-treatment or derivatization. Finally, the developed protocol could serve as a blueprint for design and development of the bespoke materials and SPE protocols that will contribute to more sustainable society. 
